8 III ) structurally resembles the repeating unit of a bulk perovskite manganite. This resemblance brings forth the intriguing possibility of studying physical properties and effects that appear in both the molecule and the far more complex bulk perovskites, for example, effects of cation substitution, which in bulk manganites may lead to phase transition from metallic-ferromagnetic to insulating-paramagnetic as well as the colossal magnetoresistance effect. We investigate divalent and trivalent cation substitution in Ce 3 Mn 8 III molecules and its effects on ground-state magnetic configuration using first-principles-based approaches. One Mn III ion changes its valence to Mn IV after trivalent (including La, Gd) cation substitution, while four Mn III ions become Mn IV upon divalent (including Ca, Sr, Ba, and Pb) cation substitutions, all accompanied by vanishing local Jahn−Teller distortion around Mn IV . The valence state of Mn IV induced by cation substitutions can hop among Mn sites in molecule, and the calculated energy barrier for such state hopping is 0.25 to 0.6 eV/ molecule. In addition, the charging energies of the Ce 3 Mn 8 III molecule and its derivatives are found to be strongly dependent on the spin direction of added electron.
I. INTRODUCTION
Perovskite manganites continue to gain interest owing to the fascinating physical properties such as colossal magnetoresistance and multiferroicity. 1−6 A molecular bottom-up approach to make a fragment of these 3D solids can overcome the limitations and complexities encountered in the synthesis and characterization of bulk 3D materials. Molecules with a stabilizing shell of organic ligands possess important advantages over 3D solids. These advantages of molecules are well illustrated in the field of single-molecule magnets (SMMs) 7, 8 for discovering new physical phenomena. In a previous work, w e s y n t h e s i z e d a n d s t u d i e d t h e [Ce 2 III Ce IV Mn 8 III O 8 (O 2 CPh) 18 (HO 2 CPh)] (Ce 3 Mn 8 III ) molecule, which is the first example of a molecular analogue of the perovskite manganite repeating units. 9 The structure of Ce 3 Mn 8 III molecule is shown in Figure 1 . The eight MnO 6 octahedra in the molecule reside at the sites of a slightly distorted tetragonal lattice and three Ce ions are located between MnO 6 octahedra. The structure of Ce 3 Mn 8 III molecule resembles the perovskite manganites but is distinct from other transition-metal-containing magnetic molecules. The central Ce ion has a valence of +4 and the other two have a valence of +3, which makes the molecule as one of the few 3d−4f complexes exhibiting mixed-valent lanthanides. 10, 11 The synthesis of Ce 3 Mn 8 III molecule paves the way for a bottom-up molecular approach to gaining insights into physical properties of ultrasmall perovskite nanoparticles. This molecule also provides a unique opportunity to study the effect of Ce-f orbitals on the magnetic properties. We identified that Ce IV -f orbital participates in the direct Mn−Ce−Mn magnetic coupling pathway in our previous work. The study of Ce 3 Mn 8 III molecule may shed light on further synthesis and study of CeMnO 3 and other rare-earth-containing materials.
In this work we further investigated the cation substitution effect in Ce 3 III and other magnetic molecules can also be used as magnetic quantum dots. For quantum dots weakly coupled to electrodes, their self-capacitance is related to the energy for charging and discharging of the system and hence the quantumtransport properties in the Coulomb blockade regime. The selfcapacitance of quantum dots is meaningful only through the quantum definition because of their discrete energy levels. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) play critical roles. The self-capacitance is determined by the single-electron charging energy, E c , where the latter is derived to be the difference between the ionization potential (IP) and the electron affinity (EA)
The IP is defined as the total energy difference between systems with N and N − 1 electrons (N is the number of electrons in the charge neutral state), IP(N) = E tot (N− 1) − E tot (N), while EA is defined as EA(N) = E tot (N) − E tot (N + 1). Note that both IP and EA can be spin-dependent in magnetic quantum dots. The coupling of molecular orbitals near the energy gap (especially the LUMO and HOMO) to the spin order and molecular conformation provides routes to control the spin-dependent self-capacitance of molecules.
In a previous work we predicted that some magnetic molecules exhibit distinct self-capacitance in the high-spin and low-spin states. 21 We also found that charging can drive conformational changes to nanoclusters, which leads to a hysteresis in the current−voltage curve in the Coulomb region; 22 the same phenomena was observed in experiments. 23 In this study we calculated the self-capacitance of Ce 3 Mn 8 III and its derivatives.
The rest of the paper is organized as follows: Section II describes the first-principles-based method used in this study. The results of our calculations are presented in Section III, which is divided into two subsections. In Subsection III.A, we discuss the effect of cation substitution on the molecular structure, magnetic state, and the valence state hopping in Mn 8 III Ce 3 derivatives. The charging energies, in particular, their dependence on the spin direction of the injected electron, are reported in Subsection III.B. A summary is given in Section IV.
II. COMPUTATIONAL DETAILS
Density functional theory (DFT) calculations were carried out using the VASP code. 24, 25 The projector augmented wave potentials 26 were employed to describe the electron−ion interaction. Wave functions were expanded using a planewave basis set with an energy cutoff of 500 eV. We used the Perdew−Burke−Ernzerhof (PBE) parametrization 27 of the generalized gradient approximation (GGA) of the exchangecorrelation functional, which is capable of reproducing the magnetic interactions in Ce 3 Mn 8 III . The molecule was put in a large periodic supercell of 28 Å × 22 Å × 24 Å. The distance between a molecule and its periodic images is >10 Å, so the negligible van der Waals interaction among them was not considered in the calculation. Electric monopole and dipole corrections were employed for charged systems to ensure total energy convergence. The atomic structure of unsubstituted molecules was optimized using the damped molecular dynamics approach until the residual force on each atom was <0.01 eV/Å. We used the climbing image nudged elastic band method 28, 29 (CI-NEB) implemented in the Transition State Tools for VASP (VTST) 30 to identify the pathway between different chargeordering configurations. III , the valence state of Mn IV can go from one Mn site to any of the other three on the same Mn 4 group. We calculated the valence-state exchange pathway using the CI-NEB method. The pathway was sampled using nine images, as shown in Figure 4 . The first image corresponds to the structure with the Mn IV ion residing on site denoted as 1 (see inset of Figure 4 ), and the last image corresponds to Mn IV ion on sites 2, 3, and 4, respectively. We assigned a reaction coordinate to each image. The first and last images have reaction coordinates of 0 and 1, respectively, and the reaction coordinates of the remaining images are distributed evenly between 0 and 1. The energy landscape along the pathway gives the energy barrier for the valence state exchange process. The calculated height of energy barrier is between 0.2 and 0.5 eV, as shown in Figure 4 .
III. RESULTS AND
For the case of divalent cation substitution, the energy landscape for valence state exchange is more complex; see Figure 5a . An energy barrier of 0.6 eV needs to be overcome during this process. The process of valence state exchange is schematically shown in Figure 5b −d, where Mn IV is characterized as covalently bonded to an oxygen (small red disk in Figure 5 ). The valence state exchange process can be divided into two steps. The energy landscape of each step was calculated using the CI-NEB method with six images. Reaction coordinates were assigned to images in the same manner as Figure 4 . For each step the valence state exchange occurs between a pair of Mn's; the structural change during this process is primarily form the large displacement of the bridging oxygen, as shown in Figure 5 .
Next IV ion with local magnetic moment along the spin-up direction. An injected electron with an up spin will have a lower energy and become localized around this Mn ion. If the injected electron has a down spin, then it cannot fit in this Mn ion and may become delocalized within the molecule if it fails to find another Mn ion with down spin. Furthermore, if the molecular structure is allowed to relax in the presence of the injected electron, then the injected electron with up spin will induce Jahn−Teller distortions around the Mn IV ion and push it to the Mn III valence state. We thus expect that the charging energy depends on the spin direction of the injected electron, without and with structural relaxations.
Here we consider the added electron can have its spin in the up or down direction, that is, spin dependence of the anion state. We computed charging energies of Ce 3 Mn 8 III and its derivatives using three different atomic structures. The structure optimized at the charge neutral state is denoted as the neutral structure; the calculated charging energies using this structure are denoted as E c N↑ and E c N↓ when the injected electron in the anion state is at spin-up and spin-down states, respectively. Structures relaxed at the anion state with the injected electron fixed in the spin-up and spin-down state are denoted as Anion ↑ and Anion ↓ structures; the calculated charging energies using these two structures are referred to as E c A↑ and E c A↓ . Calculated charging energies using the neutral structure (E c N↑ and E c N↓ in Table 1 ) are larger than those using anion structures (E c A↑ and E c A↓ ) by 0.5 to 1.2 eV. According to Table 1 the difference in charging energies is dominated by the difference in the EA term. In schemes II and III we performed structural relaxation of the (N + 1)-electrons system, resulting in a higher E tot (N) and a lower E tot (N + 1) than those calculated using the neutral structure.
The spin-dependent charging energy difference using the neutral structure (ΔE c N in Table 1 Not only are the HOMO and LUMO critical to the charging energy of molecules, but also their shapes can reveal the underlying structural relaxation. The corresponding charge density of the LUMO wave function of the neutral structure and those of the HOMO wave functions of the anion state in the anion structures are plotted in Figure 6 . III ion (b3). The spin-up LUMO in the Anion ↑ structure (b2) preserves the same d z 2 -like shape as in (b1) but has a more localized spatial distribution. The spin-down LUMO in the Anion ↓ structure (b4) spread out onto another neighboring Mn III ion and is more delocalized with respect to (b3). The Anion ↑ structure makes its HOMO more spatially localized; in contrast, the HOMO of Anion ↓ structure becomes more delocalized.
The HOMO and LUMO orbitals of two spin channels are much more symmetric in divalent cation-substituted Ca 3 Mn 8 (Figure 6c1−c4) than Ce 3 Mn 8 and La 3 Mn 8 , which agrees with the small spin-related charging energy differences (ΔE c N and ΔE c A in Table 1 ). The LUMOs of the neutral structure for both the spin-up and spin-down channels are superpositions of d z 
IV. SUMMARY
We investigated the perovskite-analog Ce 3 The valence state hopping needs to overcome an energy barrier of 0.2 to 0.5 eV. We also studied the selfcapacitance properties of these molecules. We found that the charging energies of Ce 3 Mn 8 III and trivalent cation-substituted derivatives strongly depend on the spin direction of the injected electron, while the spin dependence in divalent cationsubstituted derivatives is weak; the spin dependence is analyzed via the spatial distributions of the HOMO and LUMO orbitals in the two spin channels.
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